). During these divisions, P granules cell fate that segregates with the germ lineage in early and proteins required for germline development are inembryos. At each asymmetric division, PIE-1 is inherherited preferentially by the germline daughter and are ited preferentially by the germline daughter and is ex- 
involved in later stages. Localized translation of the pie-1 Results message could also be used to target PIE-1 to the germ lineage. Translational control has been shown to regu-
PIE-1:GFP in Live Embryos
To examine PIE-1 localization in live embryos, we conlate the distributions of GLP-1 and PAL-1, two other structed a fusion between pie-1 coding sequences and maternally encoded proteins that are asymmetrically lo-GFP (green fluorescent protein, [Chalfie et al., 1994] Kenyon, 1996) . Neither of these proteins, the embryonic lethality of a pie-1(0) mutant (data not however, is localized in the same pattern as PIE-1:
shown). In all 14 lines examined, GFP fluorescence in GLP-1 is present in AB-derived blastomeres, and PAL-1 the adult germline and in embryos was observed in a is present in P1-derived somatic and germline blastopattern identical to that reported for PIE-1 using immumeres.
nolocalization (Mello et al., 1996; Tenenhaus et al., 1998). Another possibility is that PIE-1 segregation is regu-
In embryos, PIE-1:GFP was found predominantly in the lated by mechanisms that act directly on the PIE-1 procytoplasm and nuclei of germline blastomeres (Figure tein. In particular, it has been suggested that PIE-1's 1, B-U). In the cytoplasm, PIE-1:GFP was present both ability to associate with centrosomes during mitosis may diffusely throughout the cytosol and at higher concencontribute to its asymmetric distribution (Mello et al., tration on P granules (arrows in Figure 1 , O, and data 1996). At the beginning of each mitosis, PIE-1 accumunot shown). PIE-1:GFP also appeared to associate with lates around both centrosomes of the nascent spindle. discrete foci in nuclei (data not shown). The identity of As the spindle rotates in preparation for cleavage, PIE-1 these foci is not known. disappears from the centrosome destined for the soTo examine the dynamics of PIE-1 localization, we matic daughter ("somatic centrosome") and is retained performed time-lapse imaging on live embryos expressonly on the centrosome destined for the germline daughing PIE-1 GFP over several cell divisions (Figure 1 
, B-U). ter ("germline centrosome") (Mello et al., 1996). After
In oocytes and newly fertilized embryos, PIE-1:GFP was spindle rotation, somatic and germline centrosomes present uniformly throughout the cytoplasm (data not adopt different morphologies (Hyman and White, 1987) shown and Figure 1B ). In the late 1-cell stage after the and could conceivably affect PIE-1 binding or stability pronuclei have formed, PIE-1:GFP levels began to dedifferentially.
crease in the anterior and increase in the posterior (FigTo distinguish between these possibilities and begin  ure 1C) . By pronuclear meeting, PIE-1:GFP was found to identify the mechanisms that localize PIE-1, we have predominantly in the posterior ( Figure 1E ). During mitoanalyzed PIE-1 segregation in live embryos and have sis, PIE-1:GFP also accumulated on both centrosomes identified the domains within PIE-1 responsible for its with higher levels on the posterior centrosome (arrow localization. Our results indicate that PIE-1 asymmetry in Figure 1G ). As a result of this asymmetric enrichment, is regulated at the protein level but does not depend on most of the PIE-1:GFP was inherited by the posterior binding to centrosomes. Instead, we show that PIE-1 blastomere P 1 during the first cleavage ( Figure 1H ). segregation is regulated by two independent mechaIn P 1 , P 2 , and P 3 , PIE-1:GFP distribution followed a nisms that act before and after cell division to enrich sequence similar to that observed in the zygote, with PIE-1 in germline blastomeres and eliminate it from sothe exception that PIE-1:GFP became increasingly more nuclear during each interphase (compare panels J and matic blastomeres. The constructs shown were transformed into pie-1(ϩ) or pie-1(0) hermaphrodites, and their localization patterns were analyzed in live embryos. Boxes indicate PIE-1 coding regions and thin lines indicate pie-1 noncoding regions (introns were omitted for clarity). All constructs were tagged with GFP at either the amino or carboxyl terminus as described in Experimental Procedures. In K and O, the pie-1 coding region was present outof-frame with respect to GFP. The following criteria were used to score the localization pattern of each fusion: centrosomes, GFP on two donutshaped structures associated with mitotic nuclei as shown in Figure 1L . Nuclei, higher levels of GFP in interphase nuclei compared to surrounding cytoplasm in 2-cell and older embryos; "reduced" indicates a reduction in nuclear GFP levels compared to wild type. P granules, GFP on punctate structures in the cytoplasm as shown in Figure 1, O; "reduced" indicates that these structures were absent from interphase cells but could still be seen faintly in mitotic cells. Enrichment before division, higher levels of GFP on the germline side of dividing germline blastomeres compared to the somatic side (e.g., Figures 1D, 1L , and 3G); "reduced" indicates the presence of higher levels of GFP in the somatic daughter immediately after division compared to wild type. Elimination after division, absence of GFP in the daughters of AB, EMS, C, and D. (*) This construct could not be expressed in N2 hermaphrodites (data not shown) due to nonsense-mediated mRNA decay, which eliminates messages with abnormally long 3Ј UTRs. Therefore, we examined this construct in smg-1 hermaphrodites where nonsense-mediated mRNA decay is inhibited (Pulak and Anderson, 1993). (#) This fusion was expressed at too low levels to determine whether it bound to P granules with normal affinity. granules, PIE-1 requires an intact actin cytoskeleton to become enriched in the posterior before cell division. These experiments also suggest that intact microtubules may not be essential for this process. However, we cannot rule out their possible involvement since it was not possible to eliminate all microtubules with nocodazole (data not shown), as has also been noted by others (Strome and Wood, 1983) .
Noncoding Sequences in the pie-1 RNA are neither Necessary nor Sufficient for Segregation of the PIE-1 Protein to the Germ Lineage To determine which sequences in pie-1 are required for sion levels were reduced compared to wild-type (data not shown). Asymmetric segregation of the PIE-1: GFP:let-858 3Ј UTR fusion was not dependent on endog-P in Figure 1 ). Before each cell division, PIE-1:GFP in enous PIE-1 since it was also observed in a pie-1(0) the cytoplasm decreased on the side of the cell destined mutant background (Table 1, B). We conclude that the for the next somatic blastomere ("somatic side", arrow pie-1 3Ј UTR is not essential for asymmetric segregation. in Figure 1K ). At the start of mitosis, PIE-1:GFP disapTo test other noncoding sequences, we placed the pie-1 peared from the nucleoplasm and became associated ORF fused to the let-858 3Ј UTR under the control of with centrosomes at both ends of the newly formed the ama-1 promoter (Table 1, C). ama-1 encodes the spindle (arrows in Figure 1L ). As mitosis progressed, large subunit of RNA polymerase II and is expressed in PIE-1:GFP levels in the cytoplasm continued to deall cells (Bird and Riddle, 1989). In this construct, the crease on the somatic side of the cell; concomitantly pie-1 5Ј UTR is replaced with that of ama-1, and the only PIE-1:GFP levels decreased on the centrosome dessequences from the pie-1 gene are coding sequences. tined for the somatic daughter and increased on the Again, in this context PIE-1:GFP's ability to segregate centrosome destined for the germline daughter (Figure to the germline was not affected (Table 1, C). To test 1M). After cytokinesis, most PIE-1:GFP was found in the the role of sequences in the pie-1 open reading frame, germline daughter with only low levels left in the somatic we removed pie-1 coding sequences from the original daughter (e.g., EMS in the 4-cell stage, arrowhead in PIE-1:GFP fusion, leaving GFP in the context of the pie-1 Figure 1 , O). PIE-1:GFP fluorescence diminished propromoter and 5Ј and 3Ј UTRs. GFP expressed from this gressively in that cell and was not detected in its progeny construct was no longer localized and was found at (Figure 1 , O-U). These observations suggest that PIE-1 equal levels in all embryonic blastomeres (Table 1, 
D). segregation to the germ lineage involves mechanisms
We conclude that noncoding sequences are neither necthat act both before cell division (to enrich PIE-1 on essary nor sufficient for localization and that pie-1 codthe germline side of the cell) and after cell division (to ing sequences contain all the information required. eliminate any PIE-1 remaining in the somatic daughter).
Asymmetric Enrichment before Cell Division Two Separate Domains in PIE-1 Are Required for Localization to the Germ Lineage Is Sensitive to Cytochalasin D but Not to Nocodazole
To identify domains in PIE-1 required for localization, we divided the pie-1 open-reading frame into three segSegregation of P granules in the 1-and 2-cell stages requires an intact actin cytoskeleton (sensitive to cytoments (regions 1, 2, and 3) and tested each one individually for its ability to localize GFP in embryos. chalasin D) but does not require intact microtubules (insensitive to nocodazole) (Strome and Wood, 1983;  Region 1 Fusion of region 1 (amino acids 1-84) to GFP caused Hird et al., 1996) . To determine whether PIE-1 segregation has similar requirements, we cultured 2-cell GFP to accumulate at equal levels in the cytoplasm of all blastomeres with no preference for germline blastoembryos expressing PIE-1:GFP in medium containing either cytochalasin D or nocodazole, following estabmeres (Table 1, Table 1 , G) still bound to centrosomes, albeit with apparently reduced affinity (data not shown). We found that this localization is dependent on the presence of endogenous PIE-1. When expressed in a pie-1(0) background, PIE-1:GFPCen⌬ was no longer detected on centrosomes (Table 1, G). In both pie-1(ϩ) and pie-1(0) embryos, however, PIE-1:GFPCen⌬ mutant segregated normally to germline blastomeres, although its accumulation in interphase nuclei appeared reduced compared to wild type (Table 1, G and data not shown). We conclude that the centrosome binding domain of PIE-1 is not required for asymmetric localization but may be required for efficient accumulation in nuclei. Region 2 Fusion of region 2 (amino acids 85-173) to GFP caused GFP to accumulate preferentially in germline blastomeres and their sisters (Table 1, H). Deletion and mutational analysis of region 2 showed that a 36 amino acid domain encompassing the CCCH finger (ZF1, amino acids 97-132) was necessary and sufficient for this pattern when fused in-frame with GFP (Table 1, I and J) but not when fused out-of-frame (Table 1, K). In the zygote, ZF1:GFP remained uniformly distributed throughout the cytoplasm and was partitioned equally to AB and P 1 ( Figure 3C ). In the late 2-cell stage, ZF1:GFP levels remained high in P 1 but decreased in AB. In the 4-cell stage, the fusion was present at equal levels in the two P 1 daughters (EMS and P 2 ) but was much reduced or absent in the two AB daughters (ABa and ABp) ( Figure  3D ). This pattern of equal partitioning to both daughters lize PIE-1 in somatic blastomeres after cleavage.
Scale bar is 10 m.
Region 3
Fusion of region 3 (amino acids 174-335) to GFP was daughters ( Figure 5I ). This fusion, however, was not sufficient to target GFP preferentially to germline blastomaintained in somatic blastomeres, indicating that it meres (Table 1, N). Before each asymmetric division, retained the ability to be degraded specifically in these region 3:GFP became enriched on the germline side of cells ( Figure 5J ). We conclude that region 3 is necessary the cell ( Figure 3G ) and was segregated preferentially and sufficient for asymmetric enrichment before cleavto the germline daughter during cleavage ( Figure 3H ). age but is not required for elimination from somatic This pattern was observed in both pie-1(ϩ) and pie-1(0) blastomeres after cleavage. embryos and was dependent on region 3 being fused In germline blastomeres, region 3:GFP was found difin-frame to GFP ( that the CCCH finger within this region (ZF2) is sufficient for germline blastomeres and was expressed at equal levels in all cells (Table 1 , Z). We conclude that region to target GFP to P granules (Table 1, R; Figure 6B ). ZF2, however, was not sufficient to target GFP preferentially 3 and ZF1 are the two main domains in PIE-1 responsible for localization to the germ lineage. to germline blastomeres, suggesting that association with P granules is not sufficient for asymmetric segregation. Surprisingly, Cys/His to Ser mutations in ZF2 did par-1 Is Required to Inhibit ZF1-Dependent not affect P granule binding significantly (Table 1, 3C and data not shown). Scale bar is 10 m.
GFPZF1⌬
) in animals where par-1 activity was inhibited destined for the germline daughter, and a second mechanism that acts after cell division to degrade any PIE-1 by RNA-mediated interference (RNAi). As expected, all three fusions were partitioned equally during the first left over in the somatic daughter. two cleavages (Figures 5A, 5C, and 5E ). After the 4-cell stage, wild-type PIE-1:GFP and PIE-1:GFPRegion 3⌬ PIE-1 Segregation to the Germ Lineage Depends quickly disappeared from all cells (Figures 5B and 5D) .
Primarily on Mechanisms Acting at the Protein In contrast, PIE-1:GFPZF1⌬ continued to be maintained Level and Does Not Require Binding in all cells and could still be detected throughout the to Centrosomes embryo past the 28-cell stage ( Figure 5F and data not
The presence of maternally encoded pie-1 mRNA in shown). These observations demonstrate that loss of embryos raised the possibility that PIE-1 asymmetry PIE-1 in par-1 mutants is dependent on ZF1 as it is in might be regulated at the RNA level. Our results, howwild type. We conclude that par-1 activity is not required ever, argue against this possibility. First, we found that for ZF1-dependent degradation and that in par-1 munoncoding sequences in the pie-1 mRNA are neither tants, ZF1-dependent degradation is active in all blastonecessary nor sufficient to localize PIE-1. Second, the meres.
two localization domains we identified in the pie-1 open ZF1-dependent degradation appears to have slower reading frame are functional when fused in-frame to kinetics in par-1 mutants compared to wild type. In par-1 GFP but not when fused out-of-frame. Third, missense mutants, PIE-1:GFP can still be detected in the 4-cell mutations predicted to disrupt zinc binding by the CCCH stage ( Figure 5A ), whereas in wild-type embryos, PIEfingers eliminated or reduced the localization properties 1:GFP is eliminated from the AB lineage before the 4-cell of each domain. Together, these data indicate that PIE-1 stage ( Figure 3B ). This difference raises the possibility asymmetry is regulated primarily by mechanisms acting that par-1 is required not only to exclude ZF1-dependent on the PIE-1 protein rather than the pie-1 RNA. Our degradation from germline blastomeres but also to conresults, however, do not exclude the possibility that centrate it in somatic blastomeres.
RNA-based mechanisms are also functioning in parallel, perhaps to ensure that high levels of PIE-1 are maintained in germline blastomeres.
Two lines of evidence Localization Properties of CCCH Fingers support this possibility. First, in situ hybridization studThe two CCCH fingers in PIE-1 have different properties: ies have shown that after the 4-cell stage pie-1 mRNA ZF1 targets PIE-1 for degradation in somatic blastois maintained only in germline blastomeres and is lost meres, and ZF2 targets PIE-1 to P granules. CCCH finfrom somatic lineages (Tenenhaus et al., 1998). Second, gers have also been described in MEX-1 and POS-1,
as shown in this study, replacement of the pie-1 3Ј UTR two maternal proteins that, like PIE-1, segregate with with the let-858 3Ј UTR causes a reduction in PIE-1:GFP the germ lineage in embryos (Guedes and Priess, 1997; levels in germline blastomeres. These observations sugTabara et al., 1998). To test whether the MEX-1 and gest that mechanisms acting on the pie-1 RNA may exist POS-1 fingers have properties similar to the PIE-1 finto reinforce the asymmetry established by mechanisms gers, we fused these fingers to GFP and examined their acting on the PIE-1 protein. A similar situation has been localization pattern in vivo. We found that, like PIE-1 described for Drosophila Prospero. In dividing neuro-ZF1, the ZF1s of MEX-1 and POS-1 were sufficient to blasts, Prospero RNA, like Prospero protein, is targeted target GFP for degradation specifically in somatic blasto a basal crescent during mitosis and is inherited prefertomeres ( Figures 6A, 6D, and 6G) . Similarly, like PIE-1 entially by the basal daughter (Li et al., 1997; Broadus ZF2, the ZF2s of MEX-1 and POS-1 were sufficient to et al., 1998). Unlike asymmetric segregation of Prospero target GFP to P granules ( Figures 6B, 6E, and 6H) . Fuprotein, asymmetric segregation of Prospero RNA is not sions containing both fingers exhibited both patterns essential and is only required when Prospero activity ( Figures 6C, 6F, and 6I . Indeed, TTP depends on the first CCCH finger in PIE-1 (ZF1). Cys-ZF2 can also associate with P granules when expressed to-Ser mutations in ZF1 stabilize PIE-1:GFP in somatic in C. elegans embryos. Similarly, ZF2s from MEX-1 and blastomeres and their descendants without significantly POS-1, two other CCCH proteins which, like PIE-1, segaffecting PIE-1 asymmetry before cell division. Furtherregate with the germ lineage (Guedes and Priess, 1997; more, fusion of ZF1 to GFP is sufficient to cause GFP Tabara et al., 1998), can also associate with P granules. to be degraded specifically in somatic blastomeres but Unlike ZF2s, however, ZF1s from PIE-1, TTP, MEX-1, is not sufficient to promote asymmetric enrichment beand POS-1 are not sufficient to bind P granules when fore cell division. Since these data demonstrate that fused to GFP. Instead, ZF1s from PIE-1, MEX-1, and predivision enrichment and postdivision degradation POS-1 (but not TTP) target GFP for degradation specifican occur independently from one another and require cally in somatic blastomeres. Our observations suggest different domains in PIE-1, we conclude that these two that ZF1s are recognized by a degradation machinery processes are mediated by distinct mechanisms. specific to somatic blastomeres and that ZF1-dependent degradation may be a commonly used strategy to exclude certain proteins from somatic lineages. In the Regulation of PIE-1 Asymmetry by PAR-1 case of POS-1, ZF1-dependent degradation is likely to How do the mechanisms that localize PIE-1 become be the primary mechanism by which this protein bepolarized along the anterior/posterior axis? Establishcomes excluded from somatic lineages since, unlike ment of anterior/posterior polarity in the zygote depends PIE-1 and MEX-1, POS-1 shows little asymmetry before on the actin cytoskeleton and on a network of cortical division (Tabara et al., 1998). Our data also demonstrate proteins that become asymmetrically localized after ferthat ZF1s and ZF2s are not equivalent and are likely to tilization (Rose and Kemphues, 1998). Among these, have different functions. Sequence comparison of ZF1s PAR-1 is essential for most asymmetries that appear and ZF2s across the family supports the idea that ZF1s in the cytoplasm of the zygote and its descendants.
and ZF2s belong to two related but distinct classes that Consistent with the idea that the mechanisms that localhave been conserved across species (G. S., unpublished ize PIE-1 are dependent on the establishment of A/P observations). It will be interesting to determine whether polarity, both an intact cytoskeleton and PAR-1 are rethis sequence conservation reflects functional conserquired for PIE-1 asymmetry (this study; Tenenhaus et vation across the family as is suggested by our findings al., 1998). PAR-1 localizes to the posterior cortex in the with PIE-1, MEX-1, and POS-1. zygote and is segregated into P 1 during the first cleavage (Guo and Kemphues, 1995) . Like PIE-1, PAR-1 initially Experimental Procedures is uniformly distributed in P 1 and becomes localized to the posterior (where P 2 will form) before cell division. .99 (pJH4.40, pJH4.87, pJH4.91, pJH5.02, pJH5.43,  pJH5.59, pKR1.38, pKR1.55, pKR1.75) 
Strains

Asymmetric segregation of PAR-1 is repeated in each
